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This report describes the findings of the Great Lakes water management study
at the University of 14isconsin-Madison. The study had the objective of
developing a sound strategy for evaluating impacts caused by major water
divei sions if one were actually constructed. The evaluation strategy has two
main components: hydrologic assessment and economic assessment. This report
deals with the former while the economic. component is addressed in a second
report by the same authors

This report provides a detailed descript,ion of the recommended strategy for
determining the hydrologic effects of diversions. These effects are expressed
in terms of the amounts by which water levels and flows decrease. Both
short-term and long-term impacts may be deduced.

Tn chapter l, highli.ghts of previous research with parallel objectives are
presented to introduce the reader to the wealth of Great Lakes water level
information. The next two chapters deal wi.th the hydrolog,i.c database and the
Great Lakes hydrologi,c response model, which is used to simulate water levels
from historical records of water supply and any selected management policy.
The fourth chapter is devoted to two topics. First, there is presentati.on of
the specifi.c modifications to the hydrologic response model introduced by the
wisconsin study group. Second, the procedure g,iven is used for development of
diversion scenarios. Results and key conclusions of the study are given in
the last chapter.
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INTRODUCTIOI

This paper, "Diversion of Great Lakes Mater, part I: Hydrologic Impac«,
the companion paper entitled "Diversion of Great Lakes Mater, part 2: Economic
Impacts," describe the findings of the Great Lakes Mater Management Study
performed at the University of Wisconsin-Madison under the direction of the
University of Wisconsin Sea Grant Institute. The objective of the multiy«r
study was to identify appropriate methodologies for assessing diversion
impacts. In this context a diversion is a transfer of water through a
pipeline or open channel from one watershed to another. This report describes
a hydrologic model that illustrates changes in water levels caused by
diversions, The companion report translates these changes into economic
consequences,

Several diversion proposals have been discussed in recent years. Among these
were proposed coal-slurry pipelines that would carry coal and water in a 5C%
mixture from mining areas in the West to users in the Hidwest The water for
such systems would have to originate in the Midwest because none is available
in the western coal fields. Also, the V.S. Army Corps of EngineeTs was
studying the possibility of diverting, addi.tional water from Lake Michigan into
the Mississippi River watershed and had, in fact, requested permission to test
the existing diversion at higher flows. A backdrop to these comparatively
minor proposals is the 20-year-old proposal to create the North American Mater
and Power Alliance  HAWAPA!, an idea that receives recurring attention. The
NAMAPA pro!ect basically calls for cross-connecting, every watershed on the
continent, largely to allow regions undergoing dry periods or experiencing,
growing water demands to share water with areas receiving, suffi.cient
rainfall. mAMAPA also envisions a number of diversions both into and out of
the Great Lakes. Although the enti.re scheme will probably never be realized,
subprogects have been built, One such subproject is the Garrison Diversion
from the Nissouri River watershed into the watershed of the Souris River.

The purpose of the study described herein was to create tools and
methodologies to analyze potential diversions. Complete evaluation of such
proposals entails analysis of both project costs and anticipated benefits.
This study analyzed only the hydrologic impacts on the Great Lakes system in
assessing, the costs associated with changes in the lakes' water level regimes
that result from diversion. For information on construction and operating
costs of speci.fic diversion projects that have been proposed, the reader is
referred to Banks �982!; DeCooke, Bulkley, and Wright �984!; and the
Proceedings of the Ontario Mater Resources Conference {1984!.

Initially, thi.s pro]ect focused on the history of Creat Lakes water level
regulation. In particular, attent.ion was given to computer modeling,
strategies that have been used to evaluate various regulation policies.
subsequently, these model.i.ng strategies were adapted for evaluat.jng Creat
Lakes water diversions. Finally, the modified computer models were used to
evaluate several hypothetical diversion scenarios.
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North American Great Lakes Basin

Throughout the world are lakes that, through sheer area and volume, are
recognized as great lakes. They possess special features that set them apart
from lakes of more pedestrian dimensions. Perhaps 40 water bodies on the
planet deserve the classification. But the North American Great Lakes hold a
unique place among, the world's large lakes: The five distinct basins of take
Super ior, Lake Michigan, Lake Huron, Lake Erie, and Lake Ontario combine to
form a sing,le watershed with one common outlet to the ocean. Nowhere else is
there a similar collection of great lakes.

The enormous volume of water held in each of these lakes was originally
supplied by the melting of the retreating Misconsin stage glacier. It filled
the deep gorges left by the ice movement of that glarial event and three
ear li.er glaciations in the Cenozoic, era. Nence, the same process that
supplied most of our vast stores of groundwater was also responsible for
filling the Great Lakes  GLBC 1975-76, p. 25!. The total volume of the lakes
is about 5,475 cubic miles, more than 6,000 trillion gallons. This volume
could yrovide 50 gallons per day to each human being on the planet for an
entire 75-year lifespan. But such computations are deceptive. Like many
groundwater suppl.i.es, the Great Lakes are in large part nonrenewable sources
of water. Only a fraction of each lake participates in the dynamic phase «
the hydrologic cycle in which water coucses through the environment. In other
words, the natural range in variation between the least and greatest lake
volume exyerienced in our climatic reg,ime is a small percentage of the lake's
total volume For the basin as a whole, this range is !ust 75 cubi.c. milesi «
1.4'L  GLBC 1975-76, Appendix 11, pp. 7-8! .

The Great Lakes are located along the 45th parallel. The direction of flow
follows a sinuous path toward the east. Lake Superior is located at the
highest elevation above the sea  about 600 feet! and farthest to the west-
drains into Lake Huron via the St. Marys River. Lake Michigan also empties
into Lake Nuron; it is possible, however, for flow between these two lakes to
reverse. Because of the l.arge connecting channel, the St.raits of Mackinac.
these two lakes equalize rapidly whenever a water level imbalance occurs.
Gage recorde fOr the lakea clearly shOw them to haVe identi.Cal water leVel
regimes and mean long-term behavior; that is, Lake Michigan and Lake Nuron act
as one l.ake for many puryoses. In such situations, they are referred to in
the singular as Lake Michigan-Huron.



Lake Huron out,flow reaches Lake Erie by flowing from north to south through
the St. Clair River, Lake St. Clair, and the Detroit River. Lake Erie drains
through the Niagara River, which flows almost due north. The most downstream
lake in the system, Lake Ontario, is 325 feet lower than the upper lakes.
only 30 to 35 feet of elevation are lost in traveling, from Lake Superior to
the Lake Erie discharge at the Niagara River. Lake Ontario outflow follows
the St. Lawrence River for the remaining 500 miles to the htlantic Ocean,

Usually, the basin is assumed to terminate at the confluence of the Ottawa and
St. Lawrence rivers near Nontreel. Downstream, the watershed lies entirely
within Canada. various physical data describing the Great Lakes are presented

tables 1, 2, end 3.

TABLE 1. Great Lakes water level data  in feet!

Lake
ontario

Lake Lake
Nichi an-Huron Erie

Lake
o~uerior

Lang-term mean
�860-1976!
�900-1976!

Low-water datum

6.65.36.63.9

Kstimated
natural range

4.95.64,1.

245.61
 June!

571.04
 June!

Nean summer high

244 .12
 Jan!Nsan winter low

569.79
 Feb!

SOURCES: Great Lakes Baain Commiaaion 1975
International Lake Eris Regulation Study Board 1981

100-year high

100-year low

Recorded range

600.37
600.52

600.00

602.06

598.23

600.83
 Sept!

599. 81
 Nar!

578.70
578.20

576.80

581.94

575.35

579.20
 July!

578.22
 Feb!

570.36
570,13

568.60

572.76

567.49

244.77
244.62

242.80

248.06

241.45



12

TABLE 2. Areas of Great Lakes and their basins

Lake Surface
mi2 km2

Area

Ratio
watershed Area
mi2 km2Lake

BASIN 3.12 94,680 247,000 295,800 766,900

SOURCE: Great Lakes Basin Commission 1975

Note: Area ratio is the ratio of the area of the basin to the area of the lake.

TABLE 3. Surface area/volume/depth relationships for lakes
and watersheds in the Great Lakes Basin

Basin AreasLake Areas
tcfs months

per foot
tcfs months tcfs monthstcfs months cms months

~ee cm
Lake

1,001. 6 102. 80 938
BASIN 32.90 261.00

SOURCE: International Great Lakes Levels Boar'd 1973

Notes'. cms = cubic meters per second
tcfs = thousands of cubic feet per second

The average annual runoff for the Great Lakes basin may be determined from the
average St. Lawrence River discharge of 25l,000 cubic feet per second  cfs!.
Over a year, this is enough water to drain a bit more than three feet from the
surface of the lakes and reduce their volumes by approximately 1%. Rain and
snow, however', replenish the water at a similar annual rate.

Superior

Michigan-Huron
St. Clair

Erie

Ontario

Superior
Michigan-Huron
St. Clair

Erie

Ontar io

2.56

3.15

15.20

3,38

4.37

337.8

480.8

4.6

105.2

80.0

31,700

45,360
430

9,910
7 330

11.00

15.72

0.15

3,45

2.62

82,600

117,500
1,172

25,680
18 800

71.40

125.80

5. 75

29. 60

28.30

81,000
142,700

6,520

33,500
32 100

210,000
370,000

16,900

86,840
83 200

28.10

49.53

2.26

11.65

11.14

314

447

4.46

97.6

75.3
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Like a forbidding mountain range, the Great Lakes form a natural boundary
dividing the United States and Canada, The lakes also provide a navigable
waterway of great historical significance. They link supplies of iron ore and
fossil fuels in the western reaches of the basin to manufacturing centers and
export terminals in the central and eastern parts of the region. In recent
decades, though, society has bec.ome less dependent on waterborne
transportation, and local miners.l resources have been substantially depleted.
Meanwhile, ports such as Kingston, Ontario, and Green gay, Wisconsin, once
formidable military installations, have lost strategic importance.
Consequently, they must rely on new activities for. their vitality,
The Great Lakes are vitally important to the 36 million U.S, and Canad.ian
citizens who live in the basin. An estimated 26 million of these inhabitants
depend on the lakes for their domestic water supply  Council of Great Lakes
Governors 19&5, p. 6!. Many are employed by industries that depend on water
from the Great Lakes, including the tourism and recreation industry that
flouri.shes in the basin. With an estimated value of 48 billion per year,
recreation and tourism have shown solid growth in the region during the last
10 year's  Council of Great Lakes Governors, p. 6!. They are a bright spot
against an otherwise bleak economic baclrdrop that has plagued the midwest
since 1970.

Great Lakes Mater LeVel VariatiOn

The water surface elevation of any one of the Great Lakes at any particular
time and location is the result of many factors. Mater level variations on
these lakes exhibit widely rang,ing durations, rates of change, and
magnitudes. Frequency analysis is an appropriate means of classifying such
variations. This technique allows identification of the periodicity of
various water level variations. For example, water waves have periods ranging
fram one to 10 seconds, during, which the water level may drop and rise as much
as 12 feet. A rocking motion known as seiching, may occur i.n harbors and bays,
causing variations of one or two feet in a steady cycle that repeats every 15
to 60 minutes. Each individual lake also has a seiching action affecting the
entire shoreline. The driving force of seiches is the temporary local raising,
of water level by wind setup. Setup occurs when powerful storms induce water
to flow to the downwind portion of the lake.

Mind setup is a major cause of Lake Erie shoreland flooding because the lake's
geometry and orientation are favorable to large setups  Janney 1974, pp.
1-lO! Rises of five feet persisting up to 48 hours are common at the eastern
end of Lake Erie. Unusual weather conditions can lead to devastating floods
along the shores of the creat Lakes. h storm with northeast winds prevailing
will cause setup to occur at the west end of Lake Erie. High water in this
Part of the lake will t.end to block flow fram entering La'ke Erie through the
Detroit River, which in turn wi.ll raise the level of Lake St. Clair at an
alarming rate. Typically, Lake Erie need only rise three or four feet  at the
Toledo end! before water will be induced to flow back up the Detroit River
inta Lake St. Clair. A similar combination of unusual weather' and bathymetry
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hes been known to cause sudden rises of up to six feet in the area near
Alpena, Michigan. An unexplained three-foot. drop recorded at Milwaukee
1921 may have been caused by unusual variations in atmospheric pressure in
concert with other processes  Preeman 1925, p. 187! .

The water level var iations described are economically significant but have
l,ittle relat3.onship to Great Lakes management policy. Such variations are
highly Localized and are only tangentially related to the quantity of ~ater in
the lakes when an event occurs. The issues addressed in this report involve
water level variations with mean periodic intervals greeter than one year .
variations of this nature are caused by the process of basin supply, which
arises from the random orcurrence of streamflow, precipitation, evaporation,
outflow, and perhaps groundwater fl,ow. Human intervention manifested in
outflow regulation, consumption, and water diversion also plays an important
role in the observed year-to-year variations of Great Lakes water levels,

Each lake has an annual water level cycle. The level rises each spring, in
response to increased river flows. The rise continues through midsummer
because precipitation exceeds evaporation. As the lake warms, evaporation
increases and surpasses precipitation, By September, the annual peak has been
reached and the lake level retreats towards its winter low. Heat storage i.n
the lakes fuels evaporation well. into the winter, whi,le much of the potential
supply remains on l,and as snow. The magnitude of the water level change
experienced in the annual cycle increases with decreasing surface area of the
lake. Average values range from 1 .1 feet on Lake Superior to 1 .8 feet on Lake
Ontario.o. This annual cycle is rather reguLar and is thus of little economic
significance because human activity on the lakes accommodates the associated
water lovel changes.

Lake level variations of substantiaL importance occur over peri.ods of several
years when climatic variability leads to persistent water levels that are
either above or' below normal. The extremes in highs and lowe show the overall
r'ange in water levels to be four to five times greater than the typical annual
range. Some investigators believe that variations of this type follow a cy'cle
lasting 20 to 30 years  Quinn 1981, p . 1622!.

These long-term variations have been viewed as having great economic and
political consequences because of their' impacts on three important areas of
economic activity directly related to the Gr'eat Lakes: �! municipal «d
industrial water supply, <2! commercial navigation, and �! hydroelectric-
power production.

At the beginning of this century, hydropower was nonexistent and navigation
was severely Limited by impassable rapids an both the St. Marys and St
Lawrence r'ivers and by the chronic shallows along the Betroit and St ~ <Lair
rivers. L6th the exception of the withdrawal at Chicago, domestic water
supply using Great Lakes water, albeit prevalent, was insi.gni.fi.cant in t"
of consrseption. The urban population of the basin was one-ei,ghth of today st
and, similarly, industrialization of the upper ltidwest was in its i.nfancy and
therefore of no consequence in terms of water demands.



15

The situation changed rapidly in the f irst decade of the century. Water
resource develapment issues soon gained enough impor tance to warrant the
renegotiation of the 1899 Boundary Waters Treaty between the United States and
Canada  actually, the United Kingdom!. A new Boundary Meters Treaty was
ratified in 1909. In it, the two countries agreed to share international
waters equally and to cooperate in their water-related deve!oprnent and
prot. ection. Although the treaty applied to all international waters along the
3,300-mile-long bor der  now 5,500 miles long,! between the two countries, there
is little doubt it was designed for management of the Great takes and that
Great Lakes management issues led to its creation  Dsy 1972, p. 1121!,

The issue of the day was hydropower. Private companies in each countr y were
interested in tapping the hydroelectric power potential of the St. marys River
connecting Lake Superi. or with Lake Huron. In conjunction with snd secondary
to the power obgective, the companies desired to regulate Lake Superior and
open the river to navigation as well, thus gaining the right to levy tolls on
those who passed through. The intent of the treaty was clearly t.o prevent
either of the countries from monopol.izing the available flow at a g,i.ven
locati.on simply by bull.ding the first or the larg,est intake structure. Also,
the part.ies wished to avoid international neg,otiations each time a new
proposal involving, the boundary waters was put forth.
The primary product of the 1909 agreement, was the creation of a binational
arbitration baard called the International Joint Commission  IJC!. The IJC
consists of three representatives from each country who are appointed by the
respecti.ve heads of state. The commission's functi.on is to undertake the
necessary research and make recommendations to the heads of state concerning
proposed development of, and di,sputes involving� international waters.
The IJC has little real authority. Its recommendations are nonbinding, and ir
is prohibited from taking up issues on its own. Rather, the IJC acts only at
the request of either government and is an advisory body that possesses
limited surveillance and research functi.ons, Another weakness is that the
treaty does not sane,tion IJC control over Lake Michigan. Over the years,
however, Lake Michigan has been included under IJC authority as the united
States government sees fit.

The IJC does have an important role in the management of long-term variations
of Great Lakes water levels. This role stems from the water use priorities
set forth in the treaty. The priorities were given in the foliowing order.
 I! domestic water supply and sani.tation, �! navigation, and �! powergeneration and irrigation. The equal ranking given to the latter two uses is
puzzling as is the omission of fisheries and industrial water supply,
The conflicting, priorities have caused the commission's primary function to t
the investigation of long,-term water level variations. This has proved
necessary in order for the IJC to perform what has evolved into its maj or
activity: sett.ing, criteria for developing regulatory policies that govern
outflows from the controlled lakes. The 1972 and 1978 Water QualityAgreements between the United States and Canada divettad some of the ernphasi,
away frora water levels by providing additional responsibi.litias to the IJC;
however, the historical mission remains evident  Donohue 1984!. To avoid



duplication, the actual IJC research acti.vities are farmed out to qualif led
agencies of the federal governments on either side of the border; the
commission itself establishes constraints and working criteria for policy
development. Duri.ng the past 20 years, the IJC has been requested to
coordinate major studies of Great Lakes water level variations and
impact on society. These studies and their results are summarized in the
following section, Citations for the multivolume reports generated by
projects are given in appendix 1,

Najor Studi.es of Great Lakes Mater Levels performed under the Direction of
the International Joint Coaaaissi.on

In October 1964, the IJC created the International Great Lakes Levels Board
 IGLLB! to carry out a comprehensive study of variation and regulation of the
Great Lakes water levels. The IGLLB consisted of experts from government
agencies in the united States and Canada. There were between 12 and 15
full-time members, most of whom were employees of either the U.S. Army Corps
of Engineers or Environment Canada. Numerous aspects of the IGLLB research
effort were pioneering, i.f not unique, among all Great Lakes water levels
studies, The IGLLB's approaches and findings continue to be relevant even
though the study comnenced more than 20 years ago.

A unique feature of the study, relative to earlier effotts, is the application
of the digital computer. For the first time it became economically feasi.ble
to perform quantitative anaLyses of hydrologic processes as well as impacts on
 and due to! human activity. Some of the software and certainly the
methodology developed by the IGLLB are still i.n use today. In addition,
pOrtions of the final recommendatiena Of the IGLLB study were eventually
translated into regulatory policy. The study is also significant in its
duration: Nearly a decade passed from the study's inception until the final
report and nine volumes of appendices were published. Despite its bulk,
report did not document all of the work undertaken, and certain tas'ks
involving state-of-the-art techniques relied on corroboration from academic
institutions not connected with either government.

The primary objective of the IGLLB study was to "... determine whether
measures can be taken in the public interest to regulate fur'ther the Great
Lakes levels... so as to reduce the extremes of stage which have been
experienced . . ."  IGLLB 1974 . p . 4! . The IJC order from which this is
excerpted goes on to provide a list of secondary objectives in order of
priority. The extreme stages mentioned are the record lowe th« occu«ed
Lake Nichigan-Huron and Erie during 1963 and 1964, while the area was still
feeling the effects of low levels experienced in 1959. Lake Superior, on the
r tl~r hand, recorded no unusual deviations from i.ts normal range of levels in
any of these years. The words "regulate further" meant that the chief
consideration to be addressed in this study was whether the construe'tion of
control workers at the outlet of one of the yet-unregulated l.akes would be
economi,cally beneficial. The phrase "in the publi.c interest" implied that
there should be minimal negative impact to certain Great Lakes economic
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activiti.es. This i.s where the pr ior ity list of seconder'y objectives comes
in. The text of the order called for an ef fort towards improving, water level
regimes, so benef its would accrue to the following, activities in the following,
order:

domestic water supply and sanitation
navigation
water for power and industry
flood control
agriculture
fish and wildlife
recreat ion
other beneficial public purposes.

Moat of these objectives demand the same reg,ime of lake levels needed to
sat,i.sfy the primary objective, There are two exceptions: flood control andnavig,ation. Commercial navigation derives benefit from high lake levels, and
there is no lower limit to the lake level.s that are beneficial with reaper.t to
flood control. Assuming that the annual supply has a constant mean value,high la'ke levels do not provide any measurable benefit to hydroelectric powerproduction because the plants are designed to operate under a head  elevation
difference! that. is nearly constant. Therefore the above list of ob!ectives
provides very few specific reasons to modi.fy the exi.sting lake level regime.
One mi.ght conclude that the true objective of the IGLLB study was to
i.nvestigate human disturbances of, and impacts on, the Great Lakes. Thepolicy that resulted clearly protects existing uses and allocations regardless
of their social value.

The IGLLB study eras performed in four overlapping, phases.  I! informati.on
gathering and model buildi.ng, �! development of alternative policies, �!
hydrologic evaluation, and �! economic evaluati.on of the prospective
policies. The hydrologi.c database and the associated modeling strateg,y
developed for the fir'st and third phases of the study are the basic tools use<
by regulation studies that followed the IGLLB study. Economic assessment has
also played a role in the more recent work, although the techniques and the
parameter values have been adjusted as needed. During, the second phase of th
IGLLB study, a dynamic pragramming, optimization model was used to allocate
monthly water suppli.es among the lakes. This step is absent in the later'
regulation studies.

Two studies that were simi.lar in scope and methodology to the IGLLB study wer
performed by the International Lake Erie Regulation  ILER! study Board and th
Diversion and Consumptive Use  DCU! Study Board. Both study boards were
created by the IJC to investigate means for improving water level regimes,
subject to the preservation or improvement of various publ.ic interests in a
manner similar to the IGLLB study'.

The ILER study was completed in 1981. It focused an the problems af Lake
Erie, Which beCauae Of ita shallOW depth and small surfaCe area iS prone tOfrequent floods as well as recurrent shoals at harbor entrances, which imped~
navigation. The mi.ssion of the Dcu study Board was to determine the status <
consumptive use in the Great Lakes Basin and to ascertain whether diversions
of water into or out, of the basin could be regulated so that water level
regimes would be improved."



The final report of the Dcu study was r'eleased in 1981. This study has bew
heavily criticised for failing to address adequately some i~ortant issues,
pert of i ts shortcoming may be traced to I JC restrictions upon the particular
diversions to be investigated. Specifically, the study was limited to
existing diversions at flow rates not exceeding the existing capacities.
was already well known that these diversions had produced only minor changes
in the median lal e levels and therefore had little potential to control lake
levels. Furthermore, the study failed to make any si.gnificant contributjoo
the understanding of consumptive use patterns within the basin inasmuch as the
pCu results generally agree with consumptive use estimates in the IGf LB study
report. The DCU study report is plagued by misstatements in part attributable
to the fact that consumptive uses in the United States and Canada are
calculated independently using different methodologies. This br ings about
compounded errors when the consumptive use. rates are aggregated for hydrologic
evaluation. The international teamwork exhi.bited in the IGLLB study is absent
in the DCU study because of a longstanding policy wher.ein each c.ountr.y
maintains a protective sovereignty over its territorial water' s. Both
countries avoid any public study that would allow the identification or
inventory of specific withdrawals from the Great Lakes tributaries, which
technically include all of Lake michigan.

!t is unfortunate that the DCU study did not provide better data. The rate of
consumptive use within the basin is nearing a level that will af fect the
correct interpretation of hydrologic water supply. An accurate inventory of
consumpti.ve use is necessary to insure that future additions to the water
supply database will be valid. sew studies are needed to address this
deficiency,

The ILRR and DCU studies follow the same general procedure as the IGLLB study
in performing the hydrologic and economic evaluations. The methodology
consists of three basic components . These are   1 ! the hydr.o logic database.
�! the h droy logic evaluation, and �! the economic evaluation.

The term "h drolo i" y gic. evaluation refers to the use of a computer simu«ti "
modal to calculate thete the sequence of lake levels that results from a given
 usually his toricall reclly recorded! sequence of water supplies und« the
imposition of a known s
hydrologic database est set of regulation po l ic ies and diversion flows ~

stablished for the EGLLE study was simply e««detime for use in the later ser studies. "Economic evaluation" refers to th
the
computation of a se uence oq of costs and benef its that r'esult «om alalre levels relative to
t - two-s age process: the simulo srsae basis of comparison- This is actual y

generation! or impact process  e.simulation of the activity  e .g ., hydroelectr' p
analysi i. whis s n ch a dollar f

ess e.g., shore erosion! followed by eco
igure is attached to the impact ~
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The Universi,ty of Wisconsin Great Lakes Hater management Study

In 19B2, the UW Sea Grant Institute initiated a study of Great Lakes water
resource management,. The findings of this four-year study are presented in
this report. The pr'imary objective of the research was to develop poli.cy
analysis tools and a framework to aid in making decisions should the demand
for competing uses of Great Lakes water increase in the future. In
par t.icular, the analysis framework seeks to address the possibility of new
interbasin diversions of water from the Great Lakes to neighboring water sheds.
4 logical first step toward the desig~ of the proposed analysis methodology
was a thor'ough review of the manner in which current policy was established,
which in fact arose out of the IGLLB study. Uo major changes in the policy
resulted from either the IMR or DCU studies, They do, however, represent the
most recent applications of the IGLLB strategy; therefor'e, the results of
these studies were also examined, It was determined that the best approach to
develop a tool for assessing diversion irapacts would be to adapt the models
and methods formulated by the trio of IJC study boards to potential futur e
diversion situat,iona.

The remainder of this report is devoted to the descr ipti.on of the most
important aspects of the IJC study board methodology and chang,es introduced by
the University of Misconsin research team, The differences in approach occur
either because it i.s believed that the earlier approach was incorrect or
inconsistent or' that it. needed to be modified in order to address the
diversion issue properly. Chapter 2 describes the procedure used to develop
the database of water supplies that drives the hydrologic evaluation model.
This database is perhaps the single great accomplishment of the IGLLB study
No further hydrologic research was performed by the later study boards beyond
extending the series to cover tbe years since the IGLLB bad completed its
work. The hydrologic evaluation model is described in chapter' 3. A
description of current regul.ation policies for the controlled lakes is also
presented. Chapter' 4 presents numerical results for a number of potenti.al
diversion scenarios. hs will be explained, the scenarios and the resulting,
impacts on la'ke levels are more or less arbitrary. This is due to an
unavoidable ambiguity in the modeling, strategy that arises because the
postdiversion regulation policy must be specified. For this reason, part of
chapter 4 is devoted to an explanation of regulation and modeling, parameters
that must be adjusted in ordet to perform valid simulations.
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CHAFTER 2

GREAT LAKES HYDROLOGIC DATA

Origin of the Net Basin Supply Approach

There have been many studies of the responses of Great Lake water levels to
changing climate conditions. Research concerning expected economic returns
based on the annual water supply to the Great Lakes dates to 1911, and the
issue has been reexamined frequently since. Studies in 1911 and 1920  IGLLB
1914, Appendix B, Vol. 1, p. S! attempted to estimate potential benefits of
hydropower production and navigation improvements along the St. Marys River.
The data needs for these studies consisted of historical outflows from Lake
Superior. Lake level var'iations were assumed negligible to the extent that
any variation could be absorbed using the newly constructed regulatory works,

In 1925, John R. Freeman, an engineer for the Chicago Sanitary District.,
compiled a comprehensive review and analysis of water supply to the Great
Lakes system and the relationships between supplies and flows. His report
established a number of precedents worthy of a great deal more attention than
Freeman received. The likely reason that his work remains virtually unknown
is that Freeman's primary purpose was to defend the continuing and growing
interbasin diversion from Lake Michigan into the Il.linois waterway to dilute
Chicago's wastewater. The diver'sion quantity had grown steadily from an
inconsequential amount in 1900 to many thousands of cubic feet per second at
the time of Freeman's wor'k. Five years later, the U.S. Supreme Cour t ordered
the Sanitary District to cut back the diversion <which had grown even larger
in the inter im! by 60% to its present average of 3,200 cfs  cubic feet per'
second!  U.S. House of Representatives 1974, Document 93 � 47, pp. 33-35! ~
decision may have cast a further shadow on Freeman' s work.

whatever the reasons, the analyses performed by Freeman were overlooked, and
many of his efforts were duplicated 40 years later. He carefully collected
all available information on the Great Lakes reg,ion; both scientific
computations and climatologi.cal records were woven into a fine treatise on
water level variation on the Great Lakes. He touched upon every conceivable
process influencing lake levels. Of paxticul.ar interest is the methodology
Freeman used to establish his conclusions about the cause of low water Levels
in the 192Os. The work was based on a derived par'ameter known as net basi.n
supply  henceforth referred to as NBS!.

Freeman addressed the need to create consistent measurements of water surfaceelevations. Creat Lakes water' level.s have been measured daily throughout
basin sir. e 1860.  Streamflow records axe complete starting in lgg9 !
flows and levels have been affected by diversion and regulation  U.S.
Department of CosIaerce 1982!. By 1925, Lake Superior regulation had been
operation for five years. The Melland Canal and Chicago diversions had b
in place for 90 and 25 years, respectively. Thus, none of the avai.labia lakelevel records reflected natural variations of the water levels. Freeman
reco nised the neeg he need to reconstruct, in some manner, a series of supply ve»eexcLusive of the effects of human intervention in order that such action~ ~
past or future, might be evaluated.
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Approaches to Establish the Hydrologic Database

In more recent studies, two approaches have been used to construct an
"unbiased" hydrologic database, Both of these rely on the familiar hydrologic
budget as follows:

AS =  T.-O! At +  P-E!Al + RAt + Gnat � DAt. �.I!

Setting At to be one month, the following, def initions apply:

Monthly change of storag,e i.n cfs months  ,"iS =,'.HAl!
Nonthly change of lake level in feet
Lake area in cfs months per foot depth
Average monthly mainstem inflow in cf s
Averag,e mainstem outflow in cfs
Direct precipitation onto lake in feet  areal average!
Evaporation from lake i.n feet  areal average!
Basin runoff in cfs; excludes that portion that enter s

the lake through the mainstem connecting channel
Bet inflow volume from subsurface fluxes in cfs months
Diversion out of lake in cfs  assumed constant!.

Al
I

P E R
Gnet

D

In the case of the Great Lakes system, there is no evidence that any of the
terms in equation �.1! may be omitted, The budget may be rewritten as:

�.2! P-E!AI + RAt + Gnet = AHAI + �-I!At + DAt.

�.3!
I =  P-E!Al + RAt +

8 = AHA1 +  O-I! At + DAt.
� ' 4!

The net basin supply, 8, i.s defined as the water volume available to  or taker
from! a sing,le lake during the time period, At, which i.s usually taken to be
one month. Equation �.3! expresses this quantity as the sum of natural
hydrolog,ic processes occurring during, the month in question, and equation
� 4! is written in terms of the response exhibited by the lake during that
month. The two approaches to determining basin supply differ only in the
g,iven relationships used to compute the monthly values of E.

There is general disagreement over which of the two approaches is more
dependable. Both have extensive data requirements and are subject to
substantial estimation error. Many literature examples of the rai.nfall-runof
teCbniqueS are available  Quinn 1978, pp. 295-307; CrOley 1982!. The pOpular
reasons for choosing rainfall-runoff analysis over tbe lake response method
include:

This version gives ri.se to the two commonly used techniques for hydrologic
evaluati.on of the Great Lakes, namely r'ainfall-runoff modeli.ng and EBS  baain
yield! analysis. These two methods are equivalent inasmuch as the hydrolog,ist
is constructing a parameter given by either the left-hand side or right-hand
side of equation �.2!. That is:
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It addresses the fact that the supply process is composed of a number
of stochastic processes.

2. The historical records of precipitation are usually longer and more
redundant, in a geographic sense, than those for streamflow or lake
level.

3. The model can be calibrated against a known response.

It is apparent that many investigators fail to appreciate the uncertainty
associated with converting point measurements of precipitation to areal
estimates of precipitati.on volume. Greater uncertainties are li.kely to exist.
in evaporation and runoff estimates. Some key advantages to using the lake
response method are:

1. There is less esti.mation error associated with converting a depth
over an area into a water volume.

2. Groundwater contributions need not be neglected as is the case i.n the
vast majori.ty of rainfall-runof f studies.

3. Fewer distinct t3.me series are used to develop the NBS series.

The Creat Lakes system i.s well suited to the lake response method for deriving
NBS. The historical record of flows and water levels is long and complete.
Diversions must be very large in order to have a significant effect upon lake
levels. There are three such diversions within the basin, and all three have
been measured during the time period that coincides with the measured series
of levels and flows.

As a major component of the IGLLB study, the U.S. Army corps of Engineers
Great Lakes Hydraulics Research Center derived a MBS series for each of the
Great Lakes watersheds. Sino,e it is impossible to distinguish between the
water levels of Lake Michigan and Lake Huron, the two lakes must he
represented by a single net basin supply series. The corps derived distinct
series of monthly net basin supplies for Lake Superior, Lake Michigan-Huron~
and Lake St. Clair. Quarter-monthly EBS series vere derived for Lakes Erie
and Ontario. Although Lake St. Clair is minute in comparison to any of the
other lakes for which series were developed, its location between Lake »«n
and Lake Erie makes i.t of great hydraulic importance.

For the IGLLB study, the Corps of Engineers worked with the Great Lakes
Environmental Research Laboratory  GLERL! . Great care was taken in
constructing the EBS series from the historical levels and flows. The first
40 years of data �860-99! vere rejected because there vere not a sufficient
number of water level stations on each lake. Six reporting stations were used
on I.ake Superior, eight on Michigan-Huron, and four each on Erie and Ontario-
Lake St. Clair ia nOt large enOugh to deVelop SignifiCant surface tilt setup!, so just one recording station was sufficient. Supply data are »w



23

available for the period 1900 to 197B. The NBS data set for the creat Lakes
summarized in appendi.x 2, where means and variances ar'e given for the

particular months or quarter-months of the year throughout the 79-year period
of recor d.

The water level records vere correct.ed for systematic errors including
isostati.c rebound and faulty gage datum levels. In order to measure the
change in storage dur'ing, a given month, the lake l,evel must be known on the
first and last day of that month, In a sense this is another' areal estimatior,
problem because the water surface is neither perfectly flat nor hor izontal. A
system of geographically opposi.te stations is used to take account of this
problem  Quinn, Derecki, and Kelly 1979! . If, on a given date, a water level
value was not availabl.e, the other station in the pai.r of opposite sites was
also not used. A water level based on the average of three daily values was
used at each site in order to eliminate the effects of tides and seiches.
Despite the fac.t that this amounts to the use of poi.nt estimates to arrive at
a volume, i.t should be noted that errors i.ntroduced will cancel out each othe'
from month to month. Thi.s is also true of errors due to thermal expansion an<
contraction of the water body.

Ample streamf low data were available for the connecting, channels In most
cases, flows were measured by both the U.S. and Canada, Lake Superior's
outf iowa have been regulated si,nce 1919. The flow rate through the control
structure can be determined qui.te accurately by rating, curves. The same is
true of Lake Ontario since 195B, and Lake Erie's outflow through the Niagara
River has been measured with care since 1950, The flow measurements before
these dates and on channels not mentioned vere reasonably good. The IGLLS
investigators felt that it vas nevertheless necessary to reconstruct the othe
flow records to some extent  Department of the Army 1966, pp. 12-13!. In
parti.euler, they were uncertain about the flow records based on tvo
stage-discharge relationships where one  as opposed to none! of the stag,es wa
a lake elevation. Such records ignored the effects of isostatic r'ebound, a
geophysical process that systematically increases the apparent water levels o
southern and western lake shores  Freeman 1925, pp. 149-53!, Another probles
ar'ose when the rating curves could not be redetermined promptly after major
channel dredging operations.

Contributing to the overall supply estimation problem is the effect of ice
cover in and near the connecting channel entrances. Ice poses tvo problems t
the modeling effort: <I! it has an impact on the record of histori.cal
discharges, and �! its effects must be included in the simulation strategy.
Estimating of ice retardation in connecting channel flows vas a necessary
component of the Corps of Engineers' effort to reconstruct flow records.
Hence, historical series of past ice effects are available for each channel.
These data are summarized in appendi.x 2. The manner in Mich ice is handled
in t' he Simulation prOCedure is described in chapter 3, The prOblem has been
simplified by the construction of an ice boom in Lake Erie that prevents ice
from retarding Niagara River flows. The fact that Lakes Superior and Ontarii
are regulated means that ice effects also are ni.l on these !akes' outlet
channels  ILER 1981, Appendix h, Vol. 1, pp. 10-12!. Ice effects remain
significant on the St. Clair and Detroit rivers as does summertime weed grow
in the Niagara River, which has the same sort of impact on the flows there.



CHAPTER 3

HYDROLOGIC HODELIHG OF GREAT LAKES KARAGEHEMT PLASS

Simulation of Great. Lakes Mater Level Variation

The simulation model employed in hydr'ologic evaluation of Great Lakes
management policies is divided into three components. Within the entire
hydrologic evaluation model there are distinct models describing the processes
of .'

1. Great Lakes hydrology
2. connecting channel hydrauLics
3. outflow regulation.

The majority of the computational effort is devoted to the simulation of the
regulation. plans currently used to specify outflows from Lakes Superior and
Ontar'io. The general approach to the simulation is diagrammed in figure l.
Lake Superior level and flow are determined first; computations continue in
the downstream direction from there. The so-called "middle lakes" must be
dealt with as a group because their water levels are interdependent. l.ake
Ontar io, on the other hand, is, in the hydraulic sense, independent of all
other levels or flows upstream of Niagara Falls. This means that the upper
lakes can be simulated without referring to any Lake Ontario computations, at
least under current regulation policies.

The basic. time step used in the model is one month for Lake Superior and aae
quarter � month for the remaining lakes. The basic time step is divided into 10
substeps whenever Lake St. Clair is directly involved in the calculation.
Because Lake St. Clair is the middle "middle lake," all computations involving
tbe middle lakes use a time step equal to one-fortieth of a month Regardless
of the size of the time interval, there is also a fixed number of computation
iterations within each step.

Each simulation "month" begins with known water Levels and connecting channel
flOWrateS for all fiVe lakea. These are denOted as BOE levels and flows. The
first. procedure undertaken in the model is determining the desired regulated
outflow for Lake Superior. The current regulation policy is called Plan
197I. The details of operational procedures contained in Plan 1977 are
described later in this chapter. The outflow from Lake Superior is controlled
at the bead of the St. Marys River by a series of 16 gates that span the
entire channel. The structure is known as the compensating, works, so namsad
because the ~ority  80K! of Lake Superior outflow is diverted to
hydroelectric facilities located on either side of the ri.ver channeL. Ttnzg,
the oh3ectlve of the Lake Superior regulation sequence is to det.ermine aAgat
additional flow should be passed through the compensating works.
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Figure 1. Great, Lakes regulation and hydrologic response simulation model
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The current treaty allows for' diversion of 65,000 cfs for power generation,
equally split by power companies from each nation. Under certain low water
conditions, the guar'antee  in fact, the allowable outflow! is reduced to
55,000 cfs. h set of rating curves is available that describes the
relationship among the Lake Superior water surface elevation, the number' of
gates raised in the compensating works, and the flow through the works. This
family of curves is shown in figure 2. With one exception, there is no
provision for par tial. opening of the gates. Therefore, the outflow cannot be
dictated over a continuous range, although the behavior of Lake Superior does
not really war'r'ant a greater level of control. Once the desired outflow rate
has been determined, the gate setting  the number of open gates! that provides
for an outflow rate closest to the desired flow can be computed. The Superior
outflow computation subroutine is designed to determine the outflow for a
given combination of gate setting and water surface elevation or the gate
setting, for a given outflow-elevation combination. This subroutine is based
on empirical formulations of the rating, curves given in figure 2. The gates
are not usually moved during the winter season. The gate settings are
currently determined on the first day of each month, beg,inning with May The
g,ates are set for the entire winter on December l.

Once the regulation procedure is executed, the actual response of Lake
Superior is determined by means of a mass balance. The Superior EBS for the
current month is convert.ed to an equivalent depth over the area of the lake
and added to the beginning-of-month  BDM! water surface elevation The
outflow is similarly converted to a depth, which is subtracted from the
elevation obtained in the previous step. The result is the first cut at
obtaining e value for' the end-of-month  ROM> lake level. A mean lake level
for the month is approximated by aver'aging the BOM and EOM levels, and is
used, in turn, to corapute what is assumed to be a mean outflow for the month.
This procedure is repeated three times, invariably converg,ing by the end of
the fourth iter'ation. Under the greatest extremes of supply and outflow, the
Lake Superior water level might change 0.40 feet in a given month; however,
the normal is about O.lg feet. The small monthly variation exhibited by Lake
Superior is the reason convergence is assured after four iterations; it also
permits the assumption that the mean level yields the mean flow rate and that
it is appropriate to use the mean outflow in subsequent computations involving
Lake Michigan-Huron. The mean Lake Superior water level has no further
effect on simulation calculations; it is simply saved for the output f lie.
The EOM water level and flow become BOM information for the following tizae
step.
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There are a number of options available fram which to select a rel.ationship
describing, the steady nonuniform flow of the St. Clair and Detroit river's.
The hydr'aulic relati.onship used in the model is empirical  GLRC 1975-76,
Appendix 11, p . 56!, but it is similar to the theoretical formula for flow
over a submerged, broad- crested weir:

Q = C' A H r ~ C'' 8 y H r
�.1!

Here, h and 33 are the area and average width of the flow, y is the mean or
effective depth, and H is the effective upstream head. C' and C'' are
distinct constants that depend on channel shape and roughness as well as the
system of measurement units . In f igure 3, the depths hl and h2 can be
chosen so that the following expressions are approximately corx'ect:

 hl + h2!
y

2
�. 2!

Assuming that the width of flow is a linear function of depth leads to the
flow formula used in the xrriddle lakes model:

h1+h2
Q=C  hl � h2!

2 �. 3!

Bquation �.3! is comsonly called. a two-stage discharge relation. In any of
these forras, the constant, C, is determined by a fitting technique.

The flow relations used in the model are listed in appendix 3. Ã3agara River
flow is assumed to be free flow through a critical section, hence it can be
arritten as a function of a single gage height raised to the 3/2 power.

The next procedure in the madel, called "middle lakes routing," is the
cosrputation of the levels and flows for Lake Hichigan-Huron, Lake St. Claii.
and Lake Erie. These lakes must be considered as a group because f Law in
their connect,ing channels, the St. Clair and Detroit rivers, depexrds on»th
upstream and downstream lake levels. That is, the instantaneous flowx.ate of
the St. Clair River is a function of the water surface elevation of Lake
Nichigan-Huron and Lake St. Cla3.r, and the flowrate of the Detroit River
depends on the elevatians of Lake St. clair and Lake Erie. Since Lake Brie
elevation depends an its awn outflow thxough the Niagara River, this flow
information also must be available. In essence, this amounts to a hydraulic
routing problem that has six unknowns per time step: three elevations and
three outf lowe, Six equations relating these unknowns can be constructed Wy
writing hydrologic budgets far each lake and hydraulic resistance fozanulae for
each channel.
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Mater surface
of apexes' 1&a

Figure 3. Definition sketch for development of two-state flow relations

The middle lakes routing model consists of six equations that are solved in
the following sequence. The net total supply  NTS! to Lake Hichi.gan-Huron is
its EBS plus the mean outflow of I.ake Superior minus the diversion flaw into
the Chicago sanitary and ship canal. At present, this diversion is
approximately 3,200 cfs and exhibits little monthly variation, according to
the Corps of Engineers, which is responsible for its measurement. In
contrast, the water supply diversions for Detroit, Michigan, and London,
Ontario, are ignored, although up to l,200 cfs are withdrawn from Lake Huron
 GLBC L975-76, Appendix ll, p. 56!. This water is returned to Lake Eri.e after
bypassing Lake St. Clair and the two connecting channels.
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The routing system is solved 40 times per monthly time step. In each substep ~
one-fortieth of the Hichigan-Huron MTS and Lake St. Clair MBS and one-tenth of
the quarter-monthly MBS to Lake Erie are converted to changes in storage and
added to the levels of each lake. The resulting lake levels are used to
compute outflows for each lake, with appropriate adjustment made to each lake
level according to the difference between inflow and outflow. The fdelland
Canal diversion of 7,000 cfs is assumed to be a constant addition to the Lake
Erie outflow.

The preceding level and flow computations are repeated three times per suhs«p
to assure convergence. At the end of each substep, end-of-period  EOP! flows
and levels are saved for later computation of quarter-monthly and monthly
means.

Having completed the middle lakes routing, the simulation advances to the next
month, returning to the computations associated with regulation of Lake
Superior, unless the current month is December. In this case, the model
proceeds with 12 months of Lake Ontario simulation. Because Lake Ontario is
by and large independent of the upper lakes, the computations for this lake
could be delayed until the upper lakes modeling is completed for every year in
the simulation run or, if desired, ignored altogether

The present Lake Ontario regulatory policy is known as Plan 19S8D. In
contrast to the releases from Lake Superior, it is possible to adjust the
release from Lake Ontario continuously. It is thus possible to specify a
precise outflow. Lake Ontario KZS is the sum of its MBS, the Melland canal
flow, and the La'ke Erie outflow  into the Niagara River! . The outflow r'ate
specified by Plan 1958D may be subtracted directly from the NTS to yield the
quarter-monthly change in storage. This volume is converted to a change i.n
lake level, thus completing the hydraulic simulation of Lake Ontario. Mote
that no iterative procedure is needed.

Structure of Regulation Plans

In general, a Creat Lakes regulation plan is a procedure for determining the
desirable outflow rate from a controlled lake for a definite future time
period. This flowrate adust be singular'ly defined by current or past
conditions based on parameters such as lake level, flows, or supplies. The
time of year often plays an important role in outflow determination. The
simplest format of a pr'oper regulation plan gives the regulated outflow as a
function of current lake level only. An example of this type of plan is the
Modified Rule of 1949, which was used to determine Lake Superior outflow
during the 1950s and 1960s  ICLLB 1974, Appendix G, pp. 14-16!. The entir'e
plan is illustrated in figure 4 . The figure shows an outflow for every
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possible combinat.ion of water surface elevation and month of the year- The
actual monthly outflow will differ slightly in most cases due to physical
limitations of the regulatory works and the effect of lake level change during
the month. As mentioned earlier for the case of Lake Superior, one physical
limi.tation is that each of the 16 gates is either fully open or corapletely
closed. Once an outflow has been selected, the gate setting that most nearly
yields the selected outflow is determined. There is one exception to the gate
opening rule. A gate setting in which only one gate is raised halfway is
permitted. This i.s used as an alternative to having no gates open, a
situation that is not permitted. The minimum allowable flow through the
compensating works is the flow with one gate half open. The rule requiring
whole number of open gates allows the stage discharge relation for flow
through the compensating works to be known at all times.

An important recommendation of the IGLLB study was the design of a regulation
plan in which the downstream level of Lairs Michigan-Huron as well as the Lake
Superior water level would be taken into account. This would presumably limit
the extent of adverse impacts to all of the middle lakes. Regulation Plan
1911 is the most recent update of the fi.nal recommendati.on of the IGLLB plan
called sO-901. SO-90l was impl.emented in 1913 as an emergency replacement to
the 1955 modified rule of l949. Plan 1911 formally replaced SO-901 in October
1919  International Lake Superior Board of Control 19BL, pp- 9-13! Like
SO-901, Plan 1917 retains the earlier objective of emulating natural Lake
Superior outf iowa  with adjustment for the Long Lake-Ogoki Diversion!.
However, it aLso utilizes the current Lake Michigan-Huron elevation to some
degree. It has never been c.lear whether the stated objectives used to design
the regulation plan are being fulfilled in reality. Critics claim that Plan
1911 tends to maintain a Lake Superior elevation in the upper half of its
natural range. This assertion has some basis if one examines the economic
evaluation structure that has been used in the design and evaluation of
prospective policies by various XJC study boards. Results of past studies
show a substantial accumulation of benefits when the water level reg,imes of
Lakes Michigan-Huron and grie are reduced. This is a natural result of higher
property valises and levels of development per mile of shoreline on these
lakes. In turn, this leads to a greater total benefit per foot of water level
lowering. If the excess water volume generated by the lowering of the middle
lakes is stored in Lake Superior, very little adverse impact is realized
because of the traditional economic evaluation technique. Storage of the
excess water in Lake Superior benefits both hydropower and navigation on the
St. IIarya RiVer, and it haa virtually no effeCt on the generatian of poWer at
Niagara Falls. Because most shipping routes that pass through the Detroit and
St. Clair rivers also use the iselland Canal, commerci.al shipping also feels
little adverse impact from lower middle-lakes levels  GLBC 1915-16, Appendix
C9, pp. 81-91!. This is because the most severe draft li.mitation to
COmmercial naVigatien OCCure alOng the lSelland Canal.

The obvios outcome of the economic evaluation structure used by many
researCherS is a pOlicy reCOSSSendatien that uaeS Lake SuperiOr as a Vast
storage reservoir. Unfortunately, such a recosssendation is based on extensive
shor'eline property benefits, which probably cannot be substantiated in the
.Iong run  U.S. House of Representatives 1973, Document 93-8, p. 63!.
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Procedure for Determining Lake Super'ior Outflow Using Plan 1977

The gate setting, and regulated outflow from La'ke Superior are determined on
the first day of ever'y nonwinter month. For this purpose, the winter months
are January, February, March, and April. In order to reduce the annual number
of gate movements, the proc.edure includes a predicasting operation in which
pseudo-predict,ions of future months' gate settings are determined.
i"Predicast" is a contraction of "predi.cate forecast" and refers to a
prediction based on the occurrence of mean-valued phenomena. Such forecasts
depend only on the current value of a single-state variable.!

During nonwinter months, the predicasts are carried out through the following
November, whereas the December 1 gate setting is based on predicasts extending
through April. In ei.ther case, the selected gate setting i.s the average of
all of the predicast gate settings rounded to the nearest integer value.

The following procedure generally describes the method for determining, the
gate setting for a single month under Plan 1977. A detailed description of
sequential plan calculations is given in appendix 4.

1. A basic "rule flow" is determined based on the deviation of Lake
Superior and Lake Michigan-Huron elevations from the desired levels for a
particul.ar month. The function used to compute the rule flow is lrnown as the
balance equation.

2. The rule flow is compared to the various minimum and maximum flow
limitations. Of course, if any of these limits are violated, the appropriate
limitation becomes the new prospective outflow.

3. The gate setting that most nearly matches the outflow indicated in the
previous step is determined from the rating curves corresponding to the 17
permissible gate settings shown i.n figure 2.

Once the gate setting for the cuir'ent month is determined, Plan 1977 calls for
the predi.casting of the following month' s gate setting. This predicast is
based on forecasts of lake level and flow derived from the occurrence of
median NBS on each lake basin. The middle lakes routing routine described
previously in this chapter is used to forecast the levels and flows needed to
determine the following month's gate setting,. The gate setting directly
depends, however, only upon the level of Lake Michigan-Huron. Once the
predicast of the Michigan-Huron level has been computed, a corr'esponding
predicti.on of the future gate setting is made using the procedure described in
steps 1, 2, and 3.

Lake ontario Regulation According to Plan 3.958D

The prOcedure emplnyed tO determine outflowS frOm Lake Ontario is mOre COmpleX
than that of Plan 1977 for Lake Superior. This is because of a number of
factors, the foremost being the greater volume of flow involved and the higher
intensity of economic devel.opment in the region just downstream of the
outlet. The Lake Superior outlet channel, the st. Marys River, is 70 miles



long with a total fall  elevation drop! of 21 feet. The Lake Ontario outlet
channel is the St, Lawrence Seaway, which has a fall of 225 feet over' a
distance of 103 miles. This large fall is utilized for the production of
hydropower in three drops, effectively turning the river into a series of
three artificial lakes. For optimal power production it is important that the
levels of these pools r'emain stable without wide fluctuations in the
outflows, The Lake Ontario regulatory policy must therefore be designed to
anticipate times with a need for incr'eased outflows and thus avoid the use of
emergency procedures to compensate for unusual conditions .

Regulation Plan 1958D is a minor variation of the original Plan 1958A, which
was imp 1 emented upon completion of the St . Lawrence Seaway in Nay 1 958 .
changes were made to the policy leading up to the implementati.on of the fourth
plan in the series in the fall of 1963  International St. Lawrence River Board
of Control 1963!. Plan 1958D specif ies only the Lake Ontario outflow-
However, this deci. sion may depend on certain downstream conditions. In
particular, the outflow from Lake St. Louis can be a factor. This reservoir
receives considerable inflow from the Ottawa River, which is outside the Great
Lakes Basin and therefore quite independent of the Lake Ontario releases. The
structure used to r'egulate Lake Ontario is the Iroquois Control Dam, located
30 miles downstream of the 1,000 Islands Region, the traditional divide
between lake and seaway. This control structure consists of 32 50-foot sluice
gates, which permit unlimited control of the flow over a wide range. The
capacity of the structure is unknown, but it i.s well in excess of the
currently allowed maximum flow of 310,000 cfs.

In order to meet var ious requirements of hydropower and navigation, it is
necessary to determine a new regulated Lake Ontario outflow four times per
month. Thus, the procedure for Plan 1958D is repeated 48 times per year, and
it is necessary that all plan parameters be available on a quarter-monthly
basis. The 48 periods per year are referred to by name and number; January 1
is the first quarter-month peri.od of the year, January 2 the second, and Narch
2 is the tenth.

Plan 1958D has three components that result in three basic steps leading to
the eventual determination of the rule outflow. The plan consists of  I! an
adjusted supply indicator, �! basic rule curves for outflow, and �! maximu~
and minimum outflow limitations. A detailed description of the procedure used
to determine the regulated Lake Ontario outflow is g,iven in appendix 5

The adjusted supply indicator is a measure of recent supply conditions; it is
loosely related to the four-month mesa net supply minus the normal value of
this weighted mean derived for the plan. The supply indicator is adjusted
slightly to prevent overcompensation when the indicator is changing, rapidly.
There are two basic rule curves, one for February thr'ough July, and the other
for hugust through January. The appropriate rule curve is used to determine
the Lake Ontario outflow as a function of the value of the adjusted supply
indicator and the Lake Ontario water level. This rule flow is subject to
several maximum and minimm outflow limits. Some of these limits are a

function of the supply indicat.or.
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C}QPTER 4

SIBULATIO» OF DI eSSIDN IEFFECTS OS STIR LEVELS

Basic principles of Diversion Simulation
The structure of the Great Lakes hydrologic response model was ini.tiallydesigned to assess differences in water level regimes brought about by variousregulatory poli.cies, pr incipally those for Lake Superior. In mote rec.entstudies, other features have been added to the model, including a provisionfor the regulation of Lake Erie and a mechanism for the increase or decreaseof exi.sting di.version flows  e.g., at Chicago! based on supply trends and lakelevel. A key undertaking of the research described in this report was theadaptation of the hydrologic response model to provide a capability forevaluating large-scale diversions of Great Lakes water. h large-scalediversion is distinguished from current diversions by its significant impact
to levels and flows in the Great Lakes syst.em.

Part of the mission of the DCU study was to evaluate the effects of water
diversions already within the basin. This study board reached the sameconclusion given in both the IGLLB and GLBC reports, namely that impacts fromcurrent diversions are minimal if not neglig,ible. There are three reasons whysuch a conclusion would be expected. First, one of the diversions bringswater into the system at a most opportune location, Lake Superior. Since theflow enters upstream of a major control structure, it is possible to utilizethe added water' to its greatest regulatory advantage. The second factor isthat regulation policies have been devised to minimize the effects of theexi.sting diversions. In particular, the plans have been designed to meet theobjective of no impact to both Lake superior and Lake Ontario  IGLLB l974,
Appendix A, p. 45!. The third reason wby present diversions have nosignificant impact derives from the relative magnitude of the existingdiversions compared to the net total supply  HTS! entering those lakes whereWater is diver'ted. IO eXisting, Great Lakea diVersion Out Of a baain eXCeedS4%, of the MTS to the associated lake. The diversions postulated in the worlr.
described here, on the other hand, would result in impacts of sufficientmagnitude to warrant major adjustments in the evaluation fr'amework to allow
reasonable comparisons between the current situation and what would be
experienced f rom permanent, large-scale diversions.
Because of the significant changes to the lake level regime from large
diversions, regulation policies would need to be modified to account, forreduced net total supplies to the lakes downstream of the point of diversion.Furthermore, the initial lake levels specified in the simulation analysis must.
also reflect expected changes in the long-teem mean water levels. Failure toaddress this important factor results in model outputs for the first l0 to 15years of the simrlated time period that are not representative of the actualhydrolog,i.c impacts, hence it leads to errors in subsequent economic analyses.
In the following pages, the justification for appropriate parameteradjustments i.s presented along with the methodologies for determining the
magnitudes of these adjustments. Zn chapter 4, simulation results arepresented for a base case and eight hypothetical diversion scenarios. The
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base case represents a projection of the current regulatory situation over the
entire period of historically measured record of the Great Lakes. It assumes
continuation of diversions in place as of September 1981, the completion date
of the most recent IJC St.udy Board investigation.

Parameter Adjustments for Obtaining Realistic Simulation Results

The importance of corree,tly choosing regulation plan parameters for hydrologic
evaluation of diversion proposals will be i.llustrated with an example based on
Lake superior hydrologic information. As previously discussed, take superior
has no mainstem inflow; supply to the lake comes only from dispersed sources.
The outflow of take Superior is controlled by the St. Narys River compensating
wor'ks. It is assumed throughout thi.s report that the Long Lac-Ogoki
diversions from the Albany River Basin continuously add 5,000 cfs to the Lake
Superior MBS Consider the two cases depicted in figure 5, One assumes no
additional diversion; the other, a situation in which 10,000 cfs are
continuously withdrawn for use outside the Great Lakes Basin. The first case.
of course, represents the present conditions, and the applicable regulation
policy is Plan ],977. The plan is desi.gned to maintain a stable lake level
regime, In other words, water level fluctuations possess a stationary
distribution so that mean water level shows no significant variation through
time. The long-term mean outflow, according to the plan, must equal the
long-term basin supply in order to achieve this objective. Therefore, plan
1977 is constructed so that the long-teem mean outflow for the current month
is the selected outflow when the elevations of both Lakes Superior and
Michigan-Huron are at the target elevations specif ied for each month. The
greater the total deviation of the lake levels from their targets, the greater
the deviation of the outflow from its historical mean.

In the case where a 10,000-cfs diversion is imposed, it obviously is necessary
to reduce Lake Superi. or outflows, on average, by the same 10,000 cfs. Since
Lake Superior is fully regulated, it is possible to design a policy that does
not change the lake level regime. Impacts on the unregulated lakes, however,
are unavoidable because the throughflow to these lakes has been reduced by
10,000 cfs. In the case of I.ake Michigan-Huron the mean outflow of 187,000
cfs is reduced by 6%. Since level and outflow are functionally related for
this lake, a drop in lake level is the necessary consequence.

The same situation holds true for Lake Erie. In fact, the approximate impact
on the long-term elevation of Lake Erie can be computed easily from the
outflow relationship constructed for the Niagara River  see appendix 3!. By.
plugging in the Lake Erie mean outflows corresponding to diversion and no
diversion conditions �95,000 and 205,000 cfs, respectively!, a resulting
approximate impact of 0.48 feet is obtained. Using an iterative process,
expected lake Level impacts may be obtained for the other unregulated lakes
a similar manner. This direct computation is not entirely valid because the
expected value of a function is not the function evaluated at the expected
value of its parameters; nevertheless, it agrees quite closely with results
obtained through simulation.
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LLo-~ng Lac-Ogoki
D'

LLO-Long Lac-Ogoki

N-Net
S

o-outflow 0-our f low

With a new l0 tcfs diversionCurrent situation

'0 = 71 tcfs
LLQ = 5 tcfs

D = -10 tcfs

71 tcfs
LLO = 5 tcfs

0 = 76 tcfs
0 = 66 tcfs

Figure 5. water balances for Lake Superior based on Long-term mean supply

Consideri.ng once again the levels of Lake Superior, it can be demonstrated
that it is practical to impose lake level reductions on this lake. Mhen Plan
l977 target levels are used in simulations of Lake Superior diversions, the
resulting, water level reg,ime has increased variance in comparison to the same
policy with no diversion. Reduced Lake Superior target levels may be employed
to achi.eve a variance structure for resulting time series of lake leveIs
similar to that obtained in simulation without water diversion. In the Latter

situation, however, the overall mean water' levels are lower.

In addition to the downward ad]ustment of regulated outflow and target levels
contained in regulation plan operating procedures, it may also be necessary to
decrease the lower Limit s! imposed on outflows in order to obtain a realistic
series of levels. Figure 6 illustrates the problem that might develop Men
the minimum allowable outflow remains at the prediversion value. This
occurred during an extended period of low supply experienced in the Lake
Superior watershed during the late 1920s. The series shown is the simulation
result obtained using a version of Plan 1977 in which the target flows and
levels were reduced by appropriate amounts to acccmemdate a diversion of
10.000 cfs. The minimna Lake Superior outflow is set at the rate guaranteed
for hydropower use in a 1914 order of the IJC  International Lake Super«r
Board of Control 1981, Appendix A!. The graph depicts the amount of water
level reduction caused by the continuous diversion of water from Lake muperior
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Figure 6. Reduction of Lake Superior level under Scenario SU10

given the net basin suppl.iea that occurred during the first 40 years of the
twentieth century. The major low-water event that occurs in the 1920s can be
attributed to the hydropower guarantee. when the guaranteed flow is reduced,
the unusual event is eliminated.

@nother parameter important for accurate hydrologic. evaluation of di.verai,on
scenarios ia the initial lake level, that is, the water surface elevation
assigned to each lake at the beginning of the time period to be simulated.
Because the water level is certain to seek a new mean value through time, it
wOuld be inCorreCt to uae the Same ini.tial leVel fOr SCenarioa that haVe
different diversion flows. Figure 7 gives the results of taro si1m1lations of
10,000-cfs di.versions using different initial conditions . This graph shows
net change in Lake Superior water levels through time relative to the base
casa  in which there is no additional diversion!. The initial condition for
one of these runs is identical to the initial condition for the base case
�00.51 feet!.

This series begins with very small lake level reductions that grow steadily
for about five years and eventually converge with the other series. Dif ferent
choices of initial level will lead to a seriea that converges in the same
manner as the example within 15 years. En the present research effort, the
long-term mean levels for all lakes for the month of December were used aa the
initial conditions in all aiilation runs  computations begin with January!.
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Figure 7. Reduction of Lake Superior level under Scenario SUIOL

These lOng, � term means wer e determined iteratively for the diVerai.on soenariO9
modeled by repeating the si.mulati.on proc.ess for two or three different sets o
initial levels and noting the long,-teem mean level.s for December indicated hy
the output time series.

Di.version Scenarios

In the investi.atii.on, eight scenarios Of hypothetiCal diveraiona of water fro
the Great Lakes Basin were devised for evaluation. In addition, there is a
base-case scenari.o in which no additional water diversion was imposed. In
every one of the scenari.os, all existing major diversions were assumed to
continue at their present f lowrates. The existing diversions are: the 5,000
cfs flowing, into Lake Superior from Long Lac and the Ogoki River, the 3,200
cfs out of Lake Michigan at Chicag,o, and the 7,400 cfs to the Melland Canal.
The flow used to maintain navigation in the Melland Canal diversion is in
effeCt a diveraiOn Out of Lake Erie and into Lake Ontaria, thus it. IOWera' th~
leVel Of the fOrmer. AdditiOnal diversion flows were impOSed as identified 1
the scenarios listed in table 4. The identi.fying codes given in table 4 wilj
be used throughout the remai.ning pages Of the repOrt tO refer tO the differe1
scenar los.
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TABLE 4. Scenario identifi.cation labels and associated flows

Lake Diverted FromDiversion FlowScenario ID

Super ior
Superior
Superior
Superior
Michigan-Huron
Michigan-Huron
Erie
gris

The research objectives of our study were primarily concerned with developing
appr'opriate methodologies for the analysi.s of potential diversion impacts.
Less emphasis was placed on identifying likely di.ver'sion strategies that might
be employed, much less on determi.ni.ng economically feasible routes or demand
locations, Therefore, the quantities of water selected for the diversion
scenarios are based on factors not tied to any specific proposal or demand
projection. Rather, the diversion flows were selected so the magnitude would
be suffici.ently large to pose the possibility of significant impacts on users
of Great Lakes water. Previous studies considering diversion effects have
limi.ted themselves to additional interbasin transfers at flows ranging between
3,200 and 10,00G cfs. They were responding, largely to one specific and widely
discussed proposal: Tn 1974, the Corps of Engineers sought congressional
authorisation to increase the Chicago diversion by as much as 6,800 cfs dur ing,
periods of excessively high water levels on Lake Mi.chigen  U.S. Army Corps of
Engineers l.981!. The proposal was apparently studied and rejected l.argely
because of the flooding threat it would create along, the receiving waterways.

Results from previous research have shown that a 10,000-cfs diversion is large
enough to change appreciably the water level and flow regimes throughout the
system. At the same time, a diversion of this magnitude falls «rell withi.n the
range of flows that ar'e feasible from an engineering standpoint  Decooke,
Bulkley, end @right 1984, pp. 6-11! end perhaps from a political standpoint as
well. Pour of the scenarios listed in table 4 involve diversions of 10,000
cfs. This rate was used repeatedly to feei.litate comparison among the
different diversion situations. A method was sought to weight the virtue of
using one lake over another as the source and to assess the validity of
certai.n changes in policy.

Base Case
SU5
SU10
SU10L
SU30
m10
%$30
RR10
ER30

0
5,000 cfs

10,GOO cfs
10,000 cfs
30,000 cfs
10,000 cfs
30,000 cfs
10,000 cfs
30,000 cfs



Information is g,iven in table 5 on the adjustments to regulation plan
parameters that were specified for the simulation of the various scenarios.
Ini.tial lake levels used in the si.mulations are among the dat.a listed in
table 6.

TABLE 5, Plan 1977 parameter changes used in simulation runs

Michigan-Huron
Target Stage

St. Marys R. Absolute Minimum
Target Outflow Outflow

Superior
Target Stage

Scenario

SU5
SU10
SU10L
SU30
MH10
MH30
ER10
ER30

--0. 30
-0.50
-0.50
-1.80
-0.25
-1.00

0
-0. 25

-5,000
0

-10,000
-30,000

0 0 0
0

-0. 35
-0. 65
� 0.65
-2.00
� 0.70
-2.10
� 0.20
-1.30

-5,000
-10,000
-10,000
-30,000

0

0 0 0

Four scenarios use flowrates other than 10,000 cfs, The SU5 scenario was
devised to compare this resear'ch to the results obtained in the DCU study,
The DCU Study Board investigated the impacts that would occur if the Long
Lac-Ogoki <LLO! diversion were shut off, eliminating 5, 000 cfs from the supply
to Lake Superior. Since the base case in the present resear'ch includes the
incoming LLO diversion, an additional outgoing diver'sion of 5,000 cfs would
have the identical effect of the DCU scenario. An opportunity is thus
provided to examine the influence of the parameter changes described
previously on the simulation outputs. The other rate used is 30,000 cfs, a
quantity viewed as approaching the upper limit for feasible large-scale
diversions An example of such dimensions i.s a major diversion project
nearing completion in the Soviet Union. Here, water is transferred from the
pechora River to the Volga Watershed by a conveyance system with a nominal
capacity of 1,000 cubic meters per second �5,000 cfs!  Lvovich 1969 g 1973,
pp. l.87-190!. Diversions of still larger quantities are being contemplated in
both the Soviet Union and Morth America.
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Er i.e
Scenario

St, Clair~Su equi.or Nichi an-Huron

570.00

570.00

569.52
568.50
569.52
568.50
569.50

572.80
572.80
572.40
571.40
572.40
571.40
572.40

517. 78
577.58
577.38
576.45
577.35
576.45
577.58

600.51
600.30
599.98
598.70
600.27
599.98
600.40

Base
SU5
SU10, SU10L
SU30
lÃ10
SH30, ER30

ER10

Simulation Results

The simulation model outputs may be presented in a variety of ways. The
actual outputs consist of mean values of all connecting channel flowrates and
water levels at various basin locations. These are provided on a monthly
basis for each period in the 79-year span for which input data are available.
A complete list of outputs available from each run is provided in table 7.
These monthly series serve as the basic inputs to the simulation models used
in the economic analyses.

TASLE 7. NOnthly output data available fer further analysia from the
Great Lakes hydrologic response model

They are not, however, particularly useful for the presentation of hydrologic
effects without first performing some data reduction. This is mainly because
of the seasonality inherent in lake level variations that are independent of
diversion effects. The simulation results that are of greatest general

l.
2.
3.
4.
5,
6,
7.

9.

10.
11.
12.
13.
14.

ThBLE 6. Tnitial lake levels used in the simulations

Lake Superior elevation
Lake Superior outflow
Lake Michigan-Huron elevation
Lake Michigan-Huron outflow  St. Clair River!
Lake Erie elevation
Lake Erie outflow  Niagara River and Qelland canal!
Lake ontario elevation
Lake Ontario outflow  St. Lawrence River at Cornwall!
Lake St. clair elevation
Lake St. Clair outflow  Detroit River!
St. Karys River compensating, works gate sett.ing
U.S. slip elevation  on St. Marys River below compensating works!
Lake St. Louis elevation  approximate!
Lake St. Louis infl.ow  combined St. Lawrence and Ottava rivers!
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interest are the changes in water level caused by diversion, in other words,
the amounts by which water levels decrease. These quantities are obtained by
subtracting water levels determined in a diversion. scenario from those in the
base case. The procedure assumes the base case is representative of current
policy and channel conditi.ons. The base case used in the present study is
compared to those employed in previous work in table B. It is clear that the
range of values is limited. Mater levels from the IGLLB study tend to be
lower because the study was completed before the high-water period in the
early 1970s.

Water level impacts relative to the base case are presented in table 9.
Impacts on Lake Ontario have been omitted for a variety of reasons. For one
thing, they would be more or less arbitrary because Lake Ontario's water level
is independent of the upper lakes' water levels and heavily dependent upon the
regulation policy employed at the lake's outlet. In any case, the reduction
in Lake Ontario elevati.on would not depend on the lake from which the
withdrawal occurs. This is also true of Lake Erie.

TABLE 8. Mean lake levels: comparison of historical means to
base cases from various studie~

Historical
1900-1980 DCU � BOCIGLLB-BOCLake Base Case

600.44
578.27

570. 76
244.73

BOC = Basis of Comparison

ThBLE 9. Change in average water level relative to the base case  in feet!

Scenario Lake Su erior Lake avichi an-Huron Lake Erie

Superior
Hichigan-

Huron
Erie
Ontario

SU5
SU10
SU10L
SU30
NH10
MH30
ER10
ER30

600.57
578.20

570.35
244.69

-0. 22
-0. 71
-0.59
-1.78
-0.48
-0.98
-0.05
-0.45

600. 47
578.27

570.77
244.75

-0. 35
-0.69
-0.69
-2.11
-0.69
-2.11
-0.17
-0.50

600. 38
577. 95

570.60
244.53

-O. 22
-0.45
� 0.45
-1.35
-0.45
-1.35
-0.45
-l.35
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Two graphic methods of presentation have been devised, These seem to give amore descriptive presentation and enable meaningful interpretation of thehydrologic evaluations. One method is graphical display of the time ser ies ofnet reductions in water level relative to the base case. The second is theconstruction of histographs, which show the approximate frequency distributi.on
of water levels. Changes in the shapes of these distributions from onescenario to the next are important to the overall assessment of hydrologicimpact. The water level series used to prepare these figures are the meanannual water levels computed from the simulati.on model outputs. Experience
has shown. that these annual means effectively capture the year-to-yearvariat.ion of the diversion impacts. It is therefore not necessary to examinethe variation experienced in a particular month from year to year in order togain insights into the effects of the diversion flows. In essence, a plot ofthe mean July water level for each year in the simulation, for example, wouldby and large be identical to the one given for the annual means, differing
only by a constant offset in the mean.

Figure 8 shows several time series of annual water levels, each resulting f romseparate simulations. It is apparent that the general pattern of rising andfalling water level is preserved despite the obvious water level reductions.It is not entirely evident, however, that impacts are constant as opposed to
being correlated with the lake levels or increasing through time. Thesituati.on is more clearly depicted by plotting differences in lake levelrelative to the base case as shown in figure 9. This graph indicates thatimpacts resulting from the SUIOL and NHIO scenarios are nearly constant, This
is in contrast to the wild variations obtained for SUl0  fig. 6! and the
nonstationary case caused by inappropriate initial conditi.ons  fig,. 7!.
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The difference between the SU10 and SU10L behavior lies in the minimum flowcontingencies built into Plan 1977. Currently, the plan specif ies a minimumflow of 55,000 cfs with the stipulation that whenever the plan flow is 65,000
cfs or less the flow is set at the 55,000-cfs minimum.
In this way, the plan speeds the recovery of low Superior levels  or highNichigan-Huron levels! thus decreasing the likelihood of future Superioroutf lowe below 65,000 cfs. This form of the rule is used in SU10, whereasSU10t. assumes the trigger and minimum are 55,000 and 45,000 cfs. The SU10Lpolicy has significant impacts on St. Marys hydropower generation that may ormay not outweigh the hydrologic consequences observed for SU10. In the SU30scenario the trigger and minimum flowrates are reduced by 30,000 cfs.
Frequency distributions for the water levels themselves also provide insightinto the response of the lake level reg,imes. Figure 10 shows that waterlevels derived in the base-ease simulation are distributed with definitenegat.ive skew. Tbe skewness decreases to some extent in the distributionsrepresenting diversion scenarios. If skewness is in fact changed, then theprobability of experiencing below-normal lake levels is greater. This givesrise to the prospect of a greater number of years with inadequate water levels
than would be indicated by the mean change in lake levels alone.
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CHAPTER 5

CONCLUSIONS

The main objective of this study was to develop a methodological framework to
estimate how Great Lakes water levels would change in response to a major
interbasin diversion. In the past, simulation models have been used to
estimate i,ake level variations brought about by regulation, ice jams, and
minor diversi.ons. The development of the modeling approach used has been
described from the historical as well as the operational perspec.tive
There are three processes to be considered in the development of a Great ta'kes
system simulation str'ategy, �! the hydraulics of the lakes and connecting
channels, �! the natural water supply process, and �! the regulationpolicies imposed on the outlets of the two controlled lakes. The hydrologic
components of the three investigations performed by past IJG study boards
focused on these processes of the lake system. For the fi.rst of these
studies, a mathematical formulation of a suitable simulation strateg,y was
developed. A FORTRM language model and an input data set consisting of net
basin supply estimates were among the study's useful products. The two
studies that followed used this model to investigate new questions concerning
Great Lakes water levels. Within 10 years, the IJC had thus standardized i,ts
own approach to Great Lakes hydrologic evaluation.
In chapter 4 of this report, an explanation is given of the intrinsic
difference between the simulation of scenarios of regulation policy options
and the simulation of scenarios involving, major diversion. The latter entails
significant changes in the water throughput for each lake downstream of the
diversion, requiring the modeler to take corrective action to obtain realistic
simulation outputs. Specifically, the polici.es used to determine regulated
lake outflows need to be changed to reflect the assoc,iated reduction in
long,-term mean outflows. In addi.tion, the initial water levels used in the
simulation runs should be adjusted to correspond to the predicted averag,e
water level for the starting date  i.e., January I!. The resulting water
level frequency di.stributions will otherwise be biased by the outputs obtained
duri.ng the 15- to 20-year adjustment period at the beginning of the series,
Simulation results are presented for several hypothetical diversion
scenarios. Diversion flows examined ranged in quanti.ty from 5,000 to 30,000
cfs. The sources of diversion water were assumed to be either Lake superior,
Lake Michigan, or ta'ke Kri.e because diversions farther downstream were known
to have diminishing impact on the system as a whole. A base case was
developed for compar ison. The results demonstrate consi.stency in the
performance of the model. In general, water levels dropped in compari.son, to
the base case by some constant depth, These reductions varied sl.ightly from
year to year. 8any of the variations observed, however, were no different
from white noise. A diversion flow of l0,000 cfs from take Superior caused
water levels on this big lake to fal.l an average of 0.59 feet. Shen the same
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flow of diversion water was removed from Lake Michigan-Huron, the average drop
was 0,48 feet, The impact on Lake Michigan-Huron was approximately 0.70 feet
for either case. Diversions from Lake Erie have a greatly diminished impact
on Lake Superior, the average drop being, less than one inch. The response of
Lake Er'ie's water level was a drop of 0.48 feet regardless of the diversion
source.

The scenarios invoking the 5,000 and 30,000-cfs diversions yielded results
that indicate that impacts generally increase linearly with increased
diversion rate. This i.s not the case with the response of Lake Superior water
levels.

Conclusions and Recommendations

The modeling strategy presented provides an adequate means to detect changes
in Great Lakes water level regimes caused by interbasin. diversion, In recent
years, the political climate regarding the feasibility of potential
constructi.on of a major diversion facility utilizing Great Lakes water has
changed, making such considerations less likely. The efficacy of using,
diversions to solve problems of water resource availabili.ty is not addressed
here. An advocacy position either for or against diversion can come only from
comparison of all benefits and costs that might be anticipated once such a
diversion exi.sts. The principal result of the study presented here is better
understanding of. the responses of the Great Lakes system to reductions in
water supply. Moreover, it is hoped that this work will enhanc.e awareness of
the modeling capabilities available within the Great Lakes research
community. Scientists and interested citizens who want to assess economic and
environmental impacts caused by water level fluctuations now have tools for
water level estimation under any policy scenario.

The modeling methodology is relatively simple in conformance wt.th data
availability. Some accuracy may have been sacri.ficed. Models of greater
complexity with commensurately more demanding data requirements have appeared
in the last 10 years. The limiting factor in the simplified approach is
believed to be the net basin supply series, which makes up the driving input
for the model. Hence, the newer simulation strategies have featured driving
data based on hydrolog,ic variables viewed as more immediate and natural�
albeit difficult to acquire � � such as precipitation, cl.oud cover, and
temperature. The rationale of the net basin supply approach is given in
chapter 2. Although such data are available, experts admit to the presence of
large errors in individual net basin supply values for certain months and
years. In isolated cases the errors may exceed 50 percent  Quinn 1982,
p. 3!. Zn absolute terms this may amount to over- or underestimation by as

ch ae 30,000 cfs. Fortunately, the ac,curacy of the model is aided by the
fact that these errors do not tend to accumulate; however, prudence is advi.sed
when the outputs are sub!ected to further analysis. The best hedge against
possible errors of this type is the use of annual means rather than monthly
values.
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The diminishing political interest surrounding the diversion question should
not deflect attention from study of the Great Lakes water budget because the
lakes' water supplies are affected by ever-increasing levels of consumptive
use. Consumptive use is that portion of water supply withdrawal not returned
to the source of supply because of inevitable losses through evaporation. As
withdrawal qUantities increase, so does overall consumptive use. The rate of
consumptive use in the Great Lakes basin is not, known precisely, but it is
thought to exceed 5,000 cfs at present  DCU 1981, p. 6-1! . The quantity might
r'each 10,000 cfs by the end of the century. Consumptive use exerts precisely
t' he same effects on the system as does diversion. The hydrologic response
model presented here can similarly be used to determine consumptive use
impacts. The model also has utility in estimating expected changes in water
levels caused by changes in the climate of the regi.on, provided that changes
in climatic parameters can be translated into new values for net basin supply
quantities.
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APPIIX 1

Summary of Special XJC Study Boards Established to
Investigate Water Level variations and Effects

1. International Great Lakes Levels Board  IGLLB!

Start. October 1964 End: December 1973

Mission: Determine whether measures of flow regulation can be taken
to reduce extreme high and low Great Lakes water levels. Develop
potential regulation schemes and evaluate probable effects on all
aspects of the Great Lakes Basin system.

Publication: Regulation of Great Lakes Water Levels, A Summary
Report 1974. The 40-page summary repor't is accompanied by seven
technical appendices:

2. International Lake Erie Regulation Study Board  ILER!
Start: May 1977 End: July 1981

Mission: Develop management plans for partial regulation of Lake
Erie and determine the effects of proposed plans on the Great Lakes
system.

Publication. 'Lake Erie Water Level Study, September 1981. Main
repor't and eight technical appendices:

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

Appendix F
Appendix G

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
Appendix F
Appendix G
Appendix H

Hydrology and Hydraulics
Lake Regulation  three volumes!
Shore Property
Fish, Wildlife, and Recreation
Commercial Navigation
Power

Regulatory Works

Lake Regulation  two volumes!
Regulatory Works
Coastal Zone
Commercial Navigation
Power  two volumes!
Environmental Effects
Recreational Beaches and Boating
Public Information Pr'ogram



3. International Great Lakes Diversions and Consumptive Uses Study Board  DCU!

Start: May 1977 End: August 1981

Mission: Investigate the effects of existing diversions and
consumptive uses. Estimate probable trends in consumptive uses
during 50 � year planning horizon, and evaluate combined effects af
diversions and consumptive uses on the Great Lakes system.

Publication: Great Lakes Diversions and Consumptive Uses, Report to
the International Joint Commission, September 1981. Hain report
plus seven annexes  minor appendices! are presented in three
volumes. In addition, there are three technical appendices:

Appendix A � Coordinated Basic Data
Appendix B � Computer Models � Great Lakes
Appendix C � Diversion Management Scenarios
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hPPIQH!IX 2

Summary of Met Basin Supply and Ice Retardation Database

TABLE 10. Mean monthly net basin supplies for Lakes Superior,
Michigan--Huron, and St. Clair expressed in 1000 cfs

Standard DeviationsMonthl Means Durin 1900-78

Lake Lake Lake
S~ueriot Sicni an-Huron St. Clair

Lake Lake
Nichi an-Huron St. Clair

Lake
S~uertorMonth

TABLE 11. Connecting channel ice retardation effects derived from historical
levels and floes expressed in 1000 cfs

Standard DeviationsMonthl Means Durin 1900-78

St. Clair Detroit Ontario St Louis
River River Outlet Outlet

St. Clair Detroi.t Ontario St.Louis
River River Outlet OutletMonth

30. 25
37.68
16.29

3.15
0.19

12.72 6.51 13.0112.10 6.77
10.27 9.87

4.32 5.49

32.11 19.84
18.53
14.29
11.13

1.68

9.155.6912.71
7.76

25.19
4. 10 5.227.61

1. 16 4.47 4.462.83

3.75 5. 33 0.42 10.35 8.895.44 8.18 1.28

Jan
Feb
Mar
hpr
Hay
Jun
Jul

hug
Sept
Oct
IIov
Dec

Jan
Feb
Mar

hpr
May
Jun
Jul

hug
Sep
Oct
Mav
Dec

-12.96
9.37

43 66
147.67
188.94
158.85
131.17
100,39

74.66
34.84
15.26

-24.18

53,36
88.02

181.36
283.68
254.29
207.03
130.34

51.75
28.09
-3.56
30.51
24.59

5.47
6.48
8.60
7.53
5. 34
3.39
2.63
1.22
0.95
1.09
1.51
4.38

24. 71
26 .63
42.85
50.34
58.87
50 . 81.
38.94
43.11
56.10
44.58
40,61
28 .52

52.93
46.36
77.65
82.11
81,97
63.53
52. 34
60.03
69.05
69. 71
61.99
63. 00

6.33
6.20
6.83
7.08
5.48
2.83
2.91
2.23
2.28
2. 42
2.40
5.46



54

TABLE 12. Quarter-monthly net basin supplies for Lakes Brie and ontario and
the L. Ontario to L. St. Louis reach of the St. tavtence River

 in tcfs units!

Deviations1900-78 Means Standard

Lake Lake Lake
Er ie Ontar io St. Lou is

?lonth and
~ar ter

Lake Lake
Ontario St.Louis

Lake
Brie

88.27 115.60
60.92 88.69
64.46 93.50
51.76 73.59

Jan 1
Jan 2
Jan 3
Jan 4

Feb 1
Feb 2
Peb 3
Peb 4

!bar 1
Mar 2
Mar 3
Mar 4

kpr 1
Apr 2
kpr 3
her 4

!lay 1
May 2
Hay 3
May 4

Jun 1
Jun 2
Jun 3

Jun 4

32. 86
21. 74
28.98
18.76

19.56
28.82
35.99
48.78

52.80
56. 96
78.4B
99.98

46 .26
50.32
49.03
37.26

38.07
27.55
25.27
22.65

34.28
30.10
30.91
34.42

32. 96

32.73
35.65
43.87

58.28
62.47
83.12
94.90

69.10

58.61
64.46
48.73

48.02
41.06
38.27
38.04

2.71
3.28
3.25
3.15

3.47

2.93
2.44
2.00

3.01
3.05
3.97
5.44

7.29
7.86
8.71
8.77

9.04
8.70
8.11
7,21

6.30
5.55
4.94
4.39

64.66
45.44
59.14
49.45

42.90
42.33
51.92
53.41

57.89
41.24
53.45
72.87

58. 62
46,08
44.50
43.40

34.38
44.75
40.34
30.48

32. 65
27.40
35.86
31.98

33.90
31.06
32.16
33.89

25. 53
26. 74
31.12
33.62

38. 97
37 .81
45. 72
44.41

45.85
33.98

37.31
27.12

31.29
30.44
36.13
28.44

32.02
20.21
23.59
23.08

1.5l
1. 58
1.60
1.67

1.53
l. 27
l. 37
1.47

1.33
1.93
2.80

2. 92

3.32
2. 72
3.02
2. 68

2. 70

3.37
3. 64
3.65

3.16
2.64
2. 24
1.87
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Quarter-monthIy net basin supplies for Lakes Brie and Ontario and
the L. ontario to L. St. Louis reach of the St. Lasrrence River

 in tcfs units!

TABLE 13.

DeviationsStandard1900-78 Means

Lake
St.Louis

Lake Lake
Erie Ontario

Lake
St.Louis

Lake
Ontario

Month anti
~artery

Lake
Erie

Jul
Jul
Jul
Jul

Aug
Aug,
Aug,
Aug

Sep
Sep
Sep
Sep

Oct
Oct
Oct
Oct

Hov
Nov
Mov
Hov

Dec
Dec
Dec
Dec

9.15
6.86
1.25

-3.67

-9. 25
-6.38

-18.04
-19.16

-16.46
-21.54
-25.12
-16.39

-24.92
-20.15
-20.97
-27.02

-19.97
-11.21

O.ll
-l. 99

16.97
12.89
14.40
15.66

29.89
28.93
20.54
18.78

11.19
14.81

1.83
4.07

1.48
3.77
2.53
5.40

6.82
4.18
5.91
7.93

12, 28
14.88
20.27
21.32

24.61
24.57
23.76
24.34

3.84
3.36
2.99
2.69

2.42
2.21
2.12
2.01

1. 94
1. B7
1.98
2.08

2. 30
2. 38
2.49
2. Bl

3.04
3. 15
3.42
3.41

3.14
3.26
3.14
3.05

32.38
26 .42
27.33
24. 10

29.27
26.64
25. 96
38.54

23.70
32.04
37.43
38.13

41. 28
34. 77
31. BO
34.19

34.75
35.21
40.20
38.02

42.65
47. 28
39. 13
53. 91

23.63
18. 35
20.34
21.86

24.51
20.55
21.46
21.15

20. 37
21. 84
23.06
24.97

26.05
20.30
24.71
27.07

26. 08
24.12
29.28
28. 71

27. 07
30. 77
28. 03
33. 49

1.51
1.27
1. 14
1.17

0.99
0. 82
0.72
0.64

0.69
0.65
0,70
0.80

1.07
1.15
1.31
1.47

1.61
1.64

1.76
1.71

1.38
1.44
1.32
1.32
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APPENDIX 3

Riddle Lakes Routing Model
Inputs and Parameters

A. Given data for each time step

I, BOP lake elevations

E~ � L. Hichigan-Huron water level

Risc � L. St. Clair level

Rler � L. Erie level

2. Basin supplies

T~ � L. Richigan-Huron total basin supply

Nsc � L. st. Clair net basin supply

Ner - L. Erie net basin supply

3. Ice and weed flow retardation

Rmh � St. Ci.air River ice retardation

Rsc � Detroit River ice retardation

R r � Niagara River ice and weed retardation

S. Desi.red outputs

l. R~ 2sh f 2 s c ~ R 2 e r EOP wat er su r f ace e l ev at i on s

2. Omh, Osc, Oer � Rean outf iowa for period

I-, sc. H r � Nean water surface elevations for period
C. Known constants

l. Vmhi Vsc ~ Ver Volume of water rePresenting one foot of water
over the lake area

2. N � Number of time steps per month
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APPENDZX 3

Middle Lakes Routi.n8 Model
Mathematical Pormu laticm

A. Hydraulic heads and sections

+ = Hmh - Hsc

2. B = Hsc � Her

3. C = 0.5 ~ + Hsc! � 543.40

4. D = Hsc � 543.81

5. F = Her � 556.25

B. constants

1. K1 = 0.0841168

2. K2 = 0.1280849

3. K3 = 3,665

C. Equati.ons used to obtain unknowns

1. Set of six simultaneous equations of erich the model is comprised

Osc = K28 D � Rsc1/2 2

Oer = K3P � Rer3/2

E2mh = E1sLb +
 Vmh !

+ Isc � osc!
E2sc = E1sc +

 Vsc* M

 osc + Eer � Der!
E2er = Elep +

 y * g!



58

2. hpproxkmations of mean levels for period

l
%n = � «4e + Eke >

2

1
Hsc =  Else + E2sc!

2

Her =  Bier + E2er!
2
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APPENDIX 4

Procedure for Determining, Lake Superior Outflow
According to Regulation Plan 1977

Step 1. Compute basic rule flow with the balance equation:

Qj + A+ [ St � Sj } �  Ht � Hj!+Rj ]

V[Sj]
with R =

V[Hj ]

Where: t i.s the index of the current month

is an index ranging from 1 to 12 used to designate parameters
with different values each month

Qb � Basic rule flow

Qj � Average Superior outflow in month j

Sj, Hj � Target levels for Superior and Michigan-Huron
in month j

St, Ht � Actual BOH water levels

V[Sj]. V[Hj] � Estimate of historical variance of monthly
water levels in month j

Rj, A � Meighting factors

Step 2. Flow limitations

a} Absolute maximum

l. In winter, Q x � 85 tcfs

2. In nonwinter, ~ is compensating works capacity plus
65 tcfs

b! Absolute minimum Q in � 55 tcfs

c! Haximum deviation from previous month's flow is restricted to
+/- 30 tcfs

Step 3. Low flow contingency

If balance equation flow is 65 tcfs o» less, the rule flow, Qr,
set to 55 tcfs to speed recovery of the L. Superior level
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Step 4. Determine gate setting RG  number of gates raised!
a! If Qr = 55 tcfs then HG = 1/2, which is the minimum permitted

gate setting,

b> Otherwise, compensating works flow is gr minus the flow diverted
for hydropower generation, currently 65 tcfs, Given L. Superior
level and desired flow, gate setti.ng may be obtained from rating
curves given in fig. 5

Step 5. Forecasting based on median supplies
a! In nonwinter, forecasts vill continue from current month through

November  no forecast if current month is November!

b! In December, carry out forec,asts through the month of April
c! In winter, gate movements are rarely made

d! Median basin supplies are used for all lakes unless the level of
L. Superior eXCeeds 601.30, in VhiCh Case the 5%, prebabiiity of
exceedence HBS values are assumed for Lakes Superior and
Hichigan � Huron. The median �0%, exceedance probabi.lity! supplies
are always used for Lakes St. Clair and Erie

e! procedure

�! Assume net basin supply values as directed in d!
�! Iteratively estimate mean Lake Superi. or outflow using

hydrologic. budget and compensating works rating curve
�! Use middle lakes routing model to get EON level of L.

Hichigan-Huron�! Determine the gate setting for the next month based on the
lake levels just obtained�! Continue procedure unti.l last month of the forecast. period

Step 6.
The gate setting to be used i.s the arithmetic average of the several
gete settings determined during the forecast procedure. The sum of
all gate settings is divided by the number of months in the
forecast. The nearest integer becomes the Plan 1977 gate setting for
the upcoming month.
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APPERDIX 5

Procedure for Determining Lake Ontario OutflOar
According to Regulation Plan 1958D

Definitions: Plan outflows for the ~folio@in period are determined on the
last day of the current period. The pteuious period is the
quarter-month that ended seven or eight days before the current
date,

Step 1. Update the supply indicator'

a! The so � called cumulative supply number is updated by subtracting
the previous period outflow and adding, the current period mean
inflow

b! The weighted supply is equal to 1/16.5 times the supply number

c! The supply indicator, It, equals the weighted supply minus the
normal weighted supply  thlS! for the current period. Was values
for each period are given in column three of table 14

d! The supply indicator is subject to an adjustment based on the net
change of It during the past three months

�! Define

t = It � It 12

�! The adjustment is equal to 2/9 times the sum:

t � 1 + t � 2 + t-3

�! The adjustment must, however, be greater than � Il,DDO and less
than +7,ODD cfs

e! The adjustment is then added to the supply indicator to obtain the
adjusted supply indicator

Step 2. Determine rule outflow, Qr

a! There are two rule curves, one for February through July, the
other for August through January. These curves are presented in
figures 11 and 12

b! Enter appropriate rule curve with current water level ard
adjusted supply indicator value. Read off the indicated Lake
Ontario outflow
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3. Outflow limitations

a! L-Limi'tation. MaxisLua outflow base on seaway channel design. The
L-limitation supercedes all other limits. This limi.tation varies
with both time of year and the Lake Ontario water level; a graphic
illustration of the values it may assume is g,iven in figure 13.

b! P-Limitations: There are two P-limitations' .one is a maximum; the
other, a minimum. The latter is referred to as the Ps  pronounced
P-star! limitation. Neither limit applies year-round

�! P-limitation  maximum! February 1 through April 2. Value shown
in column nine of table 14 is added to current value of Tt,'
 !r may not exceed this quantity

�! P-limitation  maximum! April 3 through July 4. Not used except
when Lake St. Louis outflow exceeds 345,000 cfs, in which case
procedure is as described in b!  I!

�! P>-limitation  minimum! May 3 through December 2. Value in
column five of table 14 is added to currant value of It.
Result is compared to the quantity �25-0/6!, where D equals the
difference betwean the outflows from Lake Ontario and Lake St.
Louis. The letter of the two quantities becomes the minimum
outflow according, to the Pe-limitation

c! 8-Limitation: Absolute minimum flows given monthly as
indicated in column six of table 14

d! J-Limitation: Maximum deviation from previous per'iod outflow may
not exceed +20,000 cfs

e! I-Limitation: During last two periods of the year, the outflow
from Lake St. Loui.s may not exceed 280,000 cfs, This' regulation
occasionally has implications for Lake Ontario inasmuch as the
outf iowa must be reduced to compensate for unusually high discharges
from the Ottawa River into Lake St. Louis. The final step in 1958D
procedure is always a check of resulting St. Louis outflow;
appropriate ad!ustment is made if it exceeds 280,000 cfs
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